Abstract Taiwan has a relatively complete catalog of earthquakes since the first seismograph was installed in 1897. However, due to changes in seismographic characteristics, network coverage, and observational practice, the definition and procedure for magnitude determination were different during different time periods. Recognizing a complete catalog of earthquakes with consistent magnitudes is essential for delineating seismicity patterns and assessing seismic hazards for Taiwan; efforts have been made to convert the original magnitudes of earthquakes in Taiwan based on various magnitude scales to a common M L or M S magnitude scale. Unfortunately, the M L or M S magnitude scales chosen for previous studies all are subject to a fundamental limitation of saturation toward large earthquakes. Besides, these studies are nearly two decades old. In order to avoid this limitation and to follow the current trend, we have chosen in this study to convert original magnitudes of various scales to a common M w scale. In this study we used two independent methods for magnitude conversion. In the first method we converted the original magnitudes to M w through empirical relations between these magnitudes and M w . This magnitude is called the old M w . In the second method we used the best-fitting a-and b-values to convert the original magnitudes to M w . This magnitude is called the new M w . The converted M w magnitudes from both methods have resulted in significant improvements over the original magnitudes and are in good agreement with each other. Nevertheless, by examining the log 10 N versus M w plots, we found better linearity and tighter overlap among different time periods for the new M w than for the old M w . Thus, we chose the new M w as the unified magnitude for the catalog of Taiwan earthquakes. Finally, a list of 899 earthquakes from 1900 to 2006 with M w ≥ 5:5 is presented (Ⓔ see the earthquake lists available in the electronic edition of BSSA). The list is considered complete for the whole period from 1900 to 2006.
Introduction
A complete and consistent catalog of earthquakes can provide good data for studying the distribution of earthquakes in a region as a function of space, time, and magnitude. However, most catalogs do not report the magnitude of earthquakes consistently over time, in addition to varying uncertainties in hypocenter locations. This may pose as an obstacle for delineating seismicity patterns or for assessing seismic hazards. Because earthquake magnitude has become an indispensable source parameter of earthquakes since its inception (Richter, 1935) , it is important to convert the original magnitudes based on various scales in different time periods to a common magnitude scale throughout the whole period.
Because of changes in seismographic characteristics, network coverage, and observational practice, several definitions and procedures were used to determine the magnitude of earthquakes in Taiwan during different time periods since 1900 (Hsu, 1980; Wang and Chiang, 1987; Cheng and Yeh, 1989; Hsu, 1989; Wang and Miyamura, 1990; Wang, 1992; Shin, 1993) . As a result, the magnitude scales used for the catalogs of earthquakes in Taiwan became very heterogeneous, as shown in Figure 1 . It can be confusing for people who want to use the catalogs to study seismicity patterns or to assess seismic hazards for Taiwan. In this study we attempted to compile a catalog of Taiwan earthquakes with homogenized M w for the whole time period since 1900.
M L , m b , and M S are commonly used to define the earthquake magnitude. Unfortunately, they are all limited by saturation toward large earthquakes with m b > 6:0, M L > 6:5, and M S > 8:0. So it is desirable to select an open-ended common magnitude scale. The moment magnitude M w (Kanamori, 1977) can represent the true size of earthquakes because it is based on seismic moment, which in turn is proportional to the product of the rupture area and dislocation of an earthquake fault (Aki, 1966) . Thus, we opted in this study to convert the original magnitudes of Taiwan earthquakes in different time periods to homogenized M w magnitudes.
The Original Magnitudes of Taiwan Earthquakes
Taiwan has a relatively complete catalog of earthquakes by instrumental observations since installation of the first seismograph in 1897. However, due to changes in seismographic characteristics, network coverage, and observational practice, the definition and procedure for magnitude determination were different during different time periods (Wang, 1992) . The M H was a magnitude scale based on seismograms of the old Central Weather Bureau (CWB) seismic network in 1900 -1972 (Hsu, 1980 , 1989 . The M D was a magnitude scale based on signal durations recorded by the Taiwan Telemetered Seismic Network (TTSN) in 1973 -1991 (Tsai et al., 1973 Wang and Chiang, 1987) of the Institute of Earth Sciences (IES). The M L is a magnitude scale based on the records of the new CWB digital seismic network since 1991 (Shin, 1993) . Since July 1995 the M w for Taiwan earthquakes are also determined based on records of the IES regional broadband seismic network, called BATS (Kao et al., 1998) . Outside Taiwan, the m b , M S , and M w magnitudes are routinely determined for some Taiwan earthquakes since 1963 by the U.S. National Earthquake Information Services (NEIS) as part of its global operations. The Harvard M w also became available for some earthquakes since 1977. Figure 2a shows significant differences in earthquake magnitudes in different time periods due to various scales. If all earthquakes are put together in a catalog without first converting the original magnitudes to a common magnitude scale, it will pose serious problems when the catalog is used to study the distribution of earthquakes or to assess the seismic hazards for Taiwan. In order to overcome this problem Cheng and Yeh (1989) attempted to convert various original magnitudes to common local magnitudes, M L , as shown in Figure 2b . Although significant improvements were made, their results still contained some shortcomings. For example, in the figure we can see wide dispersions at larger magnitudes among different time periods. Besides, there is a gap in 7:0 > M L > 6:5 for the 1900-1972 period.
It should be noted that, in addition to changes in magnitude scales used in the catalogs of Taiwan earthquakes, the uncertainties of earthquake locations also varied significantly over time. Before 1973 graphical methods were used to locate earthquakes based on smoked paper records with manual timing from pendulum clocks at individual seismic stations. The uncertainty in epicenter was no less than 10 km. So the least coordinate denomination was put at 0.1°in the catalog from 1900 to 1972 (Hsu, 1980 (Hsu, , 1989 . There was poor control of focal depths. Deployment of the telemetry TTSN seismic network with common timing for all seismic stations beginning in late 1972 resulted in significant reduction in the uncertainties down to 3-4 km in epicenter location and 5-10 km in focal depth determination for most earthquakes from 1973 to 1991. Consolidation of the TTSN and CWB seismic networks with digital upgrades further reduce the uncertainties down to 1-2 km in epicenter location and 3-5 km in focal depth determination for most earthquakes since 1991. The catalog of earthquakes from 1991 to 2006 was taken from successive issues of the Seismological Bulletin published quarterly by the Central Weather Bureau of Taiwan. Because our main focus in the present study is on magnitude conversion, we have adopted the locations of earthquakes in the original catalogs.
Conversion of the Original Magnitudes to M w by Empirical Relations
We began with the catalogs of earthquakes with various original magnitudes that were observed in the Taiwan area (119°-123°E, 21°-26°N) over three time periods since 1900. Then we derived the empirical M L versus M w , M D versus M w , and M S versus M H relations for common events over different time periods. We also used the relation between Harvard M w and NEIS M S for this purpose. The procedures are described in the following.
Conversion of M H to M w : 1900 to 1972
There was no M w data routinely available before 1977, when M w was defined by Kanamori (1977) . Fortunately, M H and M S data were available commonly for some Taiwan earthquakes from 1963 to 1979 for us to derive the relation between these two magnitudes so as to convert the M H to M S magnitudes for earthquakes from 1900 to 1972. We then used the relation between M w and M S given by Heaton et al. (1986) to convert M S to M w , as shown in Ⓔ Figure S1 in the electronic edition of BSSA. It can be seen in the figure that regression between M S and M H has a fit coefficient of 0.82 and a standard deviation of 0:43. For conversion, we first derived the relations between M DA and M w as well as the relation between M DD and M w . It was found that the number of common events with available M DD and M w was fewer than that between the M DA and M w . In order to better constrain the slope of the relation between M DD and M w , we adopted the slope of the relation between M DA and M w for its slope. We then used the least-squares fitting to determine the intercept, as shown in Ⓔ Figure S2 in the electronic edition of BSSA. It can be seen in the figures that regression has resulted in a fit coefficient and standard deviation of 0.65 and 0:43 and 0.67 and 0:34 for these relations, respectively. Finally, we converted the original M DA and M DD to M w separately.
Conversion of M

Conversion of M L to M w : March 1991 to 2006
The procedure for converting M L to M w is the same as before. We first determined the empirical relation between M L and M w as shown in Ⓔ Figure S3 in the electronic edition of BSSA. It can be seen in the figure that regression in this case has resulted in a fit coefficient of 0.82 and standard deviation of 0:31. Then we used this relation to convert the M L to M w for earthquakes from March 1991 to 2006.
After applying the previously mentioned conversion procedures, we called these converted magnitudes the old M w , as shown in Figure 2c . In the figure we can see the data for different time periods overlap each other for M w ≥ 5:0, and the gap in 6:5 ≤ M w ≤ 7:0 is eliminated. Thus, we have successfully converted various original magnitudes to M w with results better than those previously converted to M L . Figure 3 summarizes the four empirical relations used to convert different original magnitudes to M w .
Conversion of the Original Magnitudes to M w by Using a-and b-Values
In order to confirm the previous results from using the empirical relations for magnitude conversion, we used an alternative method that is based on the best estimates of a-and b-values to convert the original magnitudes to a common M w magnitude directly. We used the old M w converted from M L of earthquakes from March 1991 to 2006 as a reference, as shown in Ⓔ Figure S4a We plotted the original M H magnitudes from 1900 to 1972 in the form of log 10 N a bM H . We selected the 5:5 ≤ M H ≤ 6:5 as the critical magnitude range to determine the a-and b-values, as shown in Ⓔ Figure S4b in the electronic edition of BSSA. We then used the Zuniga and Wyss (1995) formula to convert the M H to M w , as follows:
where M w is the converted magnitude, M H is the original magnitude, a 0 and b 0 are the values based on old M w , and a and b are the values based on the original M H magnitude.
We used the same process to convert the original M DA , M DD , and M L to M w , as shown in Ⓔ Figure S4c Figure 2d for earthquakes in the four different time periods. We can check these new M w by comparing them with available Harvard M w for some 260 earthquakes since 1977, as shown in Ⓔ Figure S5 in the electronic edition of BSSA. It can be seen from the figure that regression of the data has yielded an excellent fit coefficient of 0.77 and standard deviation of 0:33.
We further compare the results in Figure 2c ,d between the new and old M w . We can see better linearity and tighter overlapping of data among different time periods for all earthquakes with M w ≥ 4:0 in new M w than in old M w . This suggests that the results from converting the original magnitudes to M w by using the best estimates of a-and b-values not only confirm previous results from using the empirical relations but also provide additional improvements. Thus, we chose the new M w as the unified M w for the catalog of Taiwan earthquakes from 1900 to 2006. We can see from 
Distribution of Taiwan Earthquakes
After conversion to unified M w magnitudes, we can look at the distribution of earthquakes in Taiwan with M w ≥ 5:5 for the whole period from 1900 to 2006, as shown in Figure 4 . It is clear that a great majority of earthquakes took place along the east coast of Taiwan and its offshore areas. We can further compare the distributions of earthquakes in different time periods, as shown in Ⓔ Figure S6 in the electronic edition of BSSA. We can see from this figure that seismic activity in Taiwan was unusually high during 1936-1972. We can also see the distribution of 104 potentially damaging earthquakes with M w ≥ 6:5, as shown in Ⓔ Figure S7 and Table S2 in the electronic edition of BSSA. Fortunately, most of these larger events occurred offshore, so the loss of life and property damage was greatly reduced. Nevertheless, a few inland earthquakes in western Taiwan did cause great disasters, including the 1906 M w 7.06 Meishan earthquake, the 1935 M w 7.06 Hsinchu-Taichung earthquake, and the 1999 M w 7.45 Chi-Chi earthquake.
We can also calculate the cumulative seismic energy release and tabulate the annual number of earthquakes in three magnitude ranges over M w ≥ 5:5, as shown in Figure 5 . fully converting these original magnitudes to homogenized M w magnitudes, we have removed a major obstacle for consistent assessment of seismic hazards in Taiwan.
The new M w magnitudes are shown to give better linearity and tighter overlap in the log 10 N versus M w plots than the old M w magnitudes for the whole magnitude range. Thus, we chose the new M w as a unified magnitude scale for the catalog of Taiwan earthquakes from 1900 to 2006. Finally, a list of 899 earthquakes with M w ≥ 5:5 is given in Ⓔ Table S1 in the electronic edition of BSSA.
Data Sources
Catalogs for most earthquakes in Taiwan from 1973 to 1991 were obtained in reports from the Institute of Earth Sciences (IES, Academia Sinica [1974 -1991 . Catalog of Earthquakes in Taiwan, TE Number 73-1 to TE Number 91-2). The catalog of earthquakes from 1991 to 2006 were taken from successive issues of the Seismological Bulletin published quarterly by the Central Weather Bureau of Taiwan.
